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Abstract PCR-based analysis of Bacteroidales 16S TRNA
genes has emerged as a promising tool to identify sources
of fecal water pollution. In this study, three TagMan real-
time PCR assays (BacGeneral, BacHuman, and BacBovine)
were developed and evaluated for their ability to quantita-
tively detect general (total), human-specific, and bovine-
specific Bacteroidales 16S rRNA genetic markers. The
detection sensitivity was determined to be 6.5 copies of 16S
rRNA gene for the BacGeneral and BacHuman assays and
10 copies for the BacBovine assay. The assays were
capable of detecting approximately one to two cells per
PCR. When tested with 70 fecal samples from various
sources (human, cattle, pig, deer, dog, cat, goose, gull,
horse, and raccoon), the three assays positively identified
the target markers in all samples without any false-negative
results. The BacHuman and BacBovine assays exhibited
false-positive reactions with non-target samples in a few
cases. However, the level of the false-positive reactions was
about 50 times smaller than that of the true-positive ones,
and therefore, these cross-reactions were unlikely to cause
misidentifications of the fecal pollution sources. Microbial
source-tracking capability was tested at two freshwater
streams of which water quality was influenced by human
and cattle feces, respectively. The assays accurately
detected the presence of the corresponding host-specific
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markers upon fecal pollution and the persistence of the
markers in downstream areas. The assays are expected to
reliably determine human and bovine fecal pollution
sources in environmental water samples.

Keywords Water pollution - Fecal source tracking -
Bacteroidales - 16S rRNA genetic marker- TagMan real-
time PCR

Introduction

Waterborne pathogens cause human diseases by contaminat-
ing public water supplies, recreational water, and aquifers
(Centers for Disease Control and Prevention 2008; Simpson
et al. 2002). Their presence in environmental waters can also
lead to economic losses through beach closure to aquacul-
ture, fishing, and recreational water use (Dorfman et al.
2004; Rabinovici et al. 2004). Most of waterborne pathogens
are known to reside in human and warm-blooded animal
feces (Craun et al. 2004; Till et al. 2004) that are introduced
to water bodies from various sources (Field et al. 2003;
Seurinck et al. 2005). Management and remediation of fecal
water pollution require the assessment of fecal pollutant
loading from specific sources (Elshorbagy et al. 2005;
Kildare et al. 2007; Seurinck et al. 2005). Consequently,
the current waterborne disease problem stems in part from
the absence of tools to reliably identify these fecal pollution
sources (Bernhard and Field 2000b).

PCR-based detection of Bacteroidales 16S tRNA genes
is gaining popularity as a fecal source identification tool
because of its advantages over other microbial source-
tracking (MST) methods. Firstly, the method directly
detects diagnostic sequences (i.c., markers) and does not
require culturing or maintenance of reference databases
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(Dick and Field 2004). Secondly, Bacteroidales markers
can be relatively easily detected in environmental water
samples because of their abundance in feces (e.g., Bacter-
oides spp. comprise 26% to 36% of human fecal flora)
(Hold et al. 2002; Sghir et al. 2000). Thirdly, these markers
are highly specific to the host species (Bernhard and Field
2000b; Dick et al. 2005). Fourthly, Bacteroidales detection
can be associated with recent fecal pollution because they
are not likely to survive for a long time in the environment
due to their strict anaerobic physiology without endospore-
forming capacity (Kreader 1998). Lastly, these markers are
geographically conserved and found in fecal samples from
various locations (Dick et al. 2005; Field et al. 2003;
Layton et al. 2006; Mieszkin et al. 2009).

However, source-tracking capability of the Bacteroidales
assays has not been successfully demonstrated in previous
studies probably because host specificity was validated only
qualitatively (i.e., based on presence or absence of the target
markers in the reference fecal samples), despite the use of
quantitative PCR for analysis (Kildare et al. 2007; Lamendella
et al. 2009; Reischer et al. 2006). The source-tracking assays
should be validated for their capability to determine fecal
pollution contribution by sources over a wide range of
Bacteroidales levels, which is a basis for establishing water
quality management strategies (Elshorbagy et al. 2005;
Simpson et al. 2002). In addition, the assays’ MST capability
was rarely evaluated under clearly defined field conditions.
For example, the field water samples used in previous
studies appeared to contain fecal contaminants from multiple
sources (i.e., mixed-source fecal pollution) (Mieszkin et al.
2009; Okabe and Shimazu 2007; Savichtcheva et al. 2007),
which could have confounded the interpretation of assay
outcomes and thus interfered with the validation of the
assays’ source-tracking capability.

In the present study, we characterized the source of fecal
water pollution using TagMan real-time PCR assays based
on host specificity of Bacteroidales. Specific aims included
(a) the design of TagMan real-time PCR assays for the
quantitative detection of general (total), human-specific and
bovine-specific Bacteroidales markers, (b) validation of the
assays’ sensitivity and specificity using fecal samples from
various host animals, and (c) evaluation of the assays for
their MST capability using field water samples polluted by
human or bovine feces.

Materials and methods
Sample collection
Genomic DNA of Bacteroides fragilis ATCC 25285D was

purchased from American Type Culture Collection (Rock-
ville, MD, USA).
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Individual fecal samples were collected from farm
animals (18 cows, 10 pigs, and one horse), domestic
animals (four dogs and three cats), wildlife (three deer, 10
geese, four gulls, and one raccoon), and human sources (16
raw wastewater influents) at various locations in southern
Ontario, Canada. The raw influent samples were obtained
from municipal sewage treatment plants across Ontario and
used as the source of human fecal materials. Cattle and hog
feces were sampled from three cattle farms and a hog farm,
respectively. Fecal samples of dogs, cats, and a horse were
kindly donated by the owners. Wildlife fecal samples were
collected from various locations, such as municipal parks,
beaches, and wildlife farms in southern Ontario. Fecal
samples were stored on ice during transport to the
laboratory and immediately used for DNA extraction.

Water samples were collected from the Grand River and
Duffins Creek, Ontario, Canada during October and
November 2009. Water quality of the Grand River
sampling sites was predominantly influenced by a munic-
ipal wastewater treatment plant, whereas the upstream
water quality was affected by cattle farming. The Duffins
Creek sampling sites were characterized by heavy cattle
farming activities along the watershed without any signif-
icant point sources of human fecal pollutants. The Grand
River water samples were collected on two different days at
(a) where the wastewater effluent was discharged into the
river (FI or fecal inflow), (b) about 15 m upstream of the
effluent discharge point (US or upstream), and (c) about
60 m downstream of the effluent discharge point (DS or
downstream). Sodium thiosulfate was added to the water
samples immediately after collection to quench the activity
of any chlorine residues in the effluent. The Duffins Creek
water samples were collected on one day in November
2009 at (d) where cattle wastewater from adjacent farms
was suspected to flow in (FI), (¢) about 120 m upstream of
the inflow point (US), and (f) about 150 m downstream of
the inflow point (DS). Water samples were stored on ice
during transport to the laboratory and immediately used for
DNA extraction.

Sequence analysis and assay design

The following published 16S rRNA gene sequences of
Bacteroidales strains were analyzed to determine their host
specificity: AF233400, AF233401, AF233406~AF233411
(Bernhard and Field 2000b), AY597127~AY597131,
AY597136~AY 597175, AYS597198~AY 597206 (Layton et
al. 2006), FJ596691~FJ596695 (Lamendella et al. 2009),
FJ221192~FJ221194 (Jeter et al. 2009), and X83935. The
Bacteroidales strains carrying these genes were originally
isolated from various warm-blooded animal hosts (human,
cattle, pig, dog, and gull). The DNA sequences were
obtained from the NCBI GenBank Database (Benson et al.
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2008) and aligned using ClustalX (Thompson et al. 1997).
Consensus sequences and host-specific marker sequences
were identified for the order Bacteroidales (general Bacter-
oidales marker), human-originated Bacteroidales (human-
specific marker), and bovine-originated Bacteroidales
(bovine-specific markers I and IT) (Table 1). These marker
sequences were used to design primers for novel real-time
PCR assays on the order Bacteroidales (BacGeneral),
cattle-specific Bacteroidales (BacBovine 1 and II), and
human-specific Bacteroidales (BacHuman).

PCR primers and TagMan probes were designed using
computer software (Primer Express v 2.0, Applied Bio-
systems, Foster City, CA, USA). The TagMan probes were
labeled at the 5-end with the reporter dye 6-carboxy-
fluorescein (6-FAM) for BacHuman and BacBovine assays,
and VIC™ (Applied Biosystems) for BacGeneral Assay.
All probes were tagged at the 3'-end with a minor groove
binder and the non-fluorescent quencher. Specificity of the
oligonucleotide primers and probes was verified by
performing a BLAST search of GenBank and a Probe
Match of the Ribosomal RNA Database Project (Cole et al.
2009). Template genomic DNA, primers, and probes were
added to a PCR mastermix to final concentrations of
176 nM for TagMan probes and 500 nM for each primer.
Real-time PCR assays were performed with a temperature
profile of 50°C for 2 min and 95°C for 10 min, followed by
40 cycles at 95°C for 15 s and at 60°C for 60 s each.

Nucleic acid extraction

Bacteroidales cells were harvested by passing 100 ml of
water samples through a 0.45-um pore-size mixed cellulose
esters membrane filter (Pall Canada Ltd., Ville St. Laurent,
QC, Canada) under a partial vacuum. The filter was placed
in a sterile disposable tube containing 1.5 ml of 5 M GITC
lysis buffer (5 M guanidine isothiocyanate, 100 mM EDTA
at pH 8.0, and 0.5% (wt/vol) sarkosyl) (Dick and Field
2004). Cells were separated from the filter by shaking the
tube on a sample mixer for 1 h at 70 rpm, and the GITC
lysate debris were removed by centrifugation for 10 min at
10,000xg. Genomic DNA was extracted using DNeasy Mini
Spin Columns (QIAgen Canada Inc., Mississauga, ON,
Canada) according to the manufacturer’s protocol. Fecal
samples were homogenized in PBS solution by vortexing
and subsequently mixed with GITC lysis buffer at a ratio of
1:2 (vol/vol). The GITC lysate was centrifuged for 10 min at
10,000xg, and DNA was extracted as aforementioned.

Assay calibration and quality control
Assay calibration was conducted using standard quantifica-

tion plasmids containing the target 16S rRNA gene sequences.
The total and host-specific gene markers were amplified with

PCR primers Bac32F and Bac708R (Bernhard and Field
2000D) that flanked the target sequences of all three assays.
The amplified DNA was cloned into a pTZ57R/T plasmid
vector using InsTAclone PCR Cloning Kit (Fermentas,
Burlington, ON, Canada), transformed into competent
Escherichia coli DH5« host, and selected on LB agar plates
containing 50 pg/ml ampicillin. Plasmids were screened for
the presence of the target markers by colony PCR.

The standard quantification plasmids that were prepared
in a series of 10-fold dilutions served as positive controls
for each PCR run. Sample PCR assays were judged to be
successful when the positive controls reproduced the
known threshold cycles (Ct) along the dilution series.
Negative controls, or no template controls, were set up in
duplicate for each PCR run by adding TE buffer to the PCR
mastermix in place of DNA template.

Fecal indicator bacteria

Viable E. coli cells were enumerated by the membrane filter
technique followed by cell cultivation, which was a slight
modification of the Standard Method for the Examination of
Water and Wastewater, section 9222D (Eaton et al. 2005). A
10-ml aliquot of water samples was passed through a 0.45-
pm pore-size membrane filter (Pall Canada). The membrane
filters were then placed on mFC agar plates supplemented
with 5-bromo-4-chloro-3-indolyl-f-p-glucuronic acid
(BCIG). Culture plates were incubated at 44.5+0.2°C for
24 h, and E. coli colonies were counted based on the
emergence of blue-green color resulting from the hydrolysis
of BCIG by (3-glucuronidase.

Fecal streptococci were harvested by the membrane filter
technique as aforementioned and cultured on mEnterococcus
agar according to the Section 9230C of the Standard Methods
for the Examination of Water and Wastewater. Culture plates
were incubated at 35+0.5°C for 48 h. Fecal streptococcal
colonies were counted based on the appearance of red color
arising from 2,3,5-triphenyl tetrazolium chloride reduction.

Results
Assay design

The BacGeneral assay was designed based on the consensus
16S rRNA gene sequences of 65 Bacteroidales strains,
including 14 human- and 40 bovine-specific sequences
(Table 2). The BacBovine assay I and II were derived from
two distinct groups of cattle-specific 16S rRNA gene
sequences. The primers and probe of the two assays showed
substantial differences in their target DNA sequences (Table 1
and 2), and therefore, each assay was unlikely to cross-react
with the other targets. Based on this observation, the two
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Table 2 Description of oligonucleotide primers and probes tested in this study

Assay Target Oligo name Oligo sequence Tm (°C)  Position  References
(5—3)
BacGeneral ~ Order BacGen-F® CTGAGAGGAAGGTCCCCCAC 60 271-290  Modified from
Bacteroidales Layton et al. 2006
BacGen-TP®  AGCAGTGAGGAATATT 70 329-344  This study
BacGen-R¢ CACGCTACTTGGCTGGTTCAG 60 362-382  Modified from Dick
and Field 2004
BacBovine = Bovine-specific ~ BacBov-F1 AAGGATGAAGGTTCTATGGATTGTAAA 59 383-409  This study
Bacteroidales  BacBov-TP1 ~ ATACGGGAATAAAACC 68 418-433  This study
BacBov-R1 GAGTTAGCCGATGCTTATTCATACG 59 461-484  This study
BacBov-F2 GGATTACAGCCCTACGGGTTTTA 59 385-407  This study
BacBov-TP2 ~ AAGAGTAATGTGCACTACGTG 70 422-442  This study
BacBov-R2 GGAGTTAGCCGATGCTTATTCATATAA 59 460-486  This study
BacHuman  Human-specific =~ BacHum-F CGCGGTAATACGGAGGATCC 59 497-516  This study
Bacteroidales  BacHum-TP ~ AAGTTTGCGGCTCAAC 70 579-594  This study
BacHum-R CGCTACACCACGAATTCCG 59 643-661  This study

# Oligonucleotide positions correspond to 16S rRNA gene sequence of Bacteroides fragilis ATCC25285 (accession no. X83935)

® Forward primer
¢ TagMan probe

9Reverse primer

assays were combined in a multiplex PCR reaction (as a
single “BacBovine assay”) throughout the study. The probe
and primers of the BacHuman assay exhibited a perfect
sequence homology with 16S rRNA genes of B. fragilis
ATCC 25285 and 13 human-specific Bacteroidales strains.

Standard quantification curves and detection sensitivity

Four different standard plasmids, targeted by each of the
four Bacteroidales assays, were created as aforementioned.
Each standard plasmid was prepared in ten-fold serial
dilutions (10°* to 107'°) and quantified with the
corresponding assay in triplicate. Since the target gene
(16S rRNA gene) was inserted into the plasmid at a 1:1
ratio, the target copy number was estimated from the
number of the standard plasmid DNA. When the measured
Ct values were plotted against the logarithm of the target
gene copy numbers, all four assays exhibited a strong
inverse linear relationship (+*>0.99 for all assays, P<0.01;
regression analysis) (Fig. 1). The result implies that these
assays can be reliably applied to quantify the genetic
markers within the quantification range of seven orders of
magnitude. All four standard quantification curves fell
virtually in a single line with very similar slope and Y-
intercept values, indicating a comparable PCR efficiency
for all assays. The overall detection limit of the assays was
determined to be about 6.5 copies of the 16S rRNA gene

for BacGeneral and BacHuman assays and 10 copies of the
gene for BacBovine assay. Considering that Bacteroides
spp. are known to contain four to seven copies of the 16S
rRNA gene per cell (Lee et al. 2009), the detection limit
was equivalent to about one to two cells per PCR.

PCR inhibition by fecal and environmental samples

The inhibitory effect of fecal and environmental samples on
PCR efficiency was tested for each sample in two ways.

45
40 A
35 A
30+
254
20
15

B BacGeneral r?=0.9991

10+ O BacHuman r2=0.9993
54 A BacBovine r2 =0.9995

Threshold cycle (C;)

o 1 2 3 4 5 6 7 8
log (target gene copy no.) or log (target marker no.)

Fig. 1 Standard curves of the TagMan real-time PCR assays for
quantification of general and host-specific Bacteroidales markers.
Symbols and error bars represent mean + SD. n=3
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First, fecal and environmental DNA extracts were spiked
with excessive quantity of the standard plasmids (6.5x
10° copies), and the DNA mixtures were analyzed with the
real-time PCR assays. Significant deviations from the
known Ct values (i.e., based on 95% confidence limits)
were considered as evidence of inhibitory effects. Second,
the assays were applied on the 10-fold serial diluents (no
dilution, 1071, 1072, and 1073) of fecal or environmental
DNA. The Ct values were plotted against the dilution series
to detect any deviations from the curve linearity, which was
taken as a sign of PCR inhibition. The 10" diluents were
found to be the least-diluted series with no signs of
inhibition and thus selected for the quantitative estimation
of the genetic markers.

Specificity of the assays

A total of 70 reference fecal samples were collected from
various animal sources, including cattle, pig, horse, deer,
dog, cat, gull, goose, raccoon, as well as from human
sources (municipal wastewater influents). The reference
fecal samples were used to determine specificity of the real-
time PCR assays. The three assays positively identified the
target DNA sequences (general, human-specific, and cattle-
specific markers) in all samples without any false-negative
reactions (Table 3). The BacHuman assay produced false-
positive signals with fecal samples from pigs (three out of
10 samples), dogs (four out of four), and cats (three out of
three), while the BacBovine assay yielded false-positive
signal with fecal samples from deer (two out of three) and
dogs (three out of four). However, the level of the false-
positive reactions (or assays) was much smaller than that of
the true-positive ones [only about 1.9+2.1% (mean =+
standard deviation) of the true-positive reactions] (Fig. 2),
when the reaction level was calculated as the relative
number of the human-specific (or bovine-specific) marker

as a percentage of the general (total) marker. Based on this
finding, we expressed host-specific marker levels of all
field samples as a percentage of the general (total) markers
to minimize the effect of false-positive reactions on the
fecal source identification.

Field study

The MST capability of the BacHuman and BacBovine
assays was evaluated in the Grand River and Duffins Creek,
which are known for their water quality issues arising from
human and bovine fecal pollution, respectively (personal
communication with Drs. J. Thomas and T. Howell, Ontario
Ministry of the Environment). The number of general
Bacteroidales marker, which was estimated from two
different sampling occasions at the Grand River, exhibited
a drastic increase from about 11,000+£2,000 (arithmetic
mean + standard deviation) copy/100 ml at the 15 m
upstream location (US) to about 1,200,000+700,000 copy/
100 ml at the sewage inflow point (FI) (Fig. 3a). The
number decreased to 480,000+£290,000 copy/100 ml at the
60 m downstream point (DS). Similarly, the human-specific
marker increased from approximately 400+100 copy/
100 ml at US to 540,000£300,000 copy/100 ml at FI, and
subsequently decreased to about 190,000+120,000 copy/
100 ml at DS. When expressed as a percentage of the
general marker, the human-specific marker increased from
4% to 43% and remained relatively stable (40%) through
the 60-m downstream site (Fig. 3b). The bovine-specific
markers remained below 1% of the general marker
throughout all three sampling locations.

The bovine-specific Bacteroidales markers were also
enumerated using the samples collected from the Duffins
Creek. The general markers increased from about 1,100+
100 copy/100 ml at about 120 m upstream location (US) to
140,000+10,000 copy/100 ml at the cattle wastewater

Table 3 Specificity of the Bac-

teroidales assays using fecal Fecal sources

No. of fecal samples  No. of samples positive with the indicated

samples assay
BacGeneral BacHuman BacBovine

Human (municipal sewage influent) 16 16 16 0
Cow 18 18 0 18
Pig 10 10 3 0
Deer 3 3 0 2
Horse 1 1 0 0
Dog 4 4 4 3
Cat 3 3 3 0
Gull 4 4 0 0
Goose 10 10 0 0
Raccoon 1 1 0 0
Total 70
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Fig. 2 Comparison of the level of false-positive reactions with that of
true-positive ones. The X- and Y-axes represent fecal samples from
various animal hosts and the relative quantity of host-specific
Bacteroidales markers as a percentage of the general Bacteroidales
marker, respectively. The true-positive reactions (i.e., human feces
analyzed with the BacHuman assay, or cattle feces analyzed with the
BacBovine assay) exhibited far higher levels than those of the false-
positive reactions (i.e., other animal feces reacted with BacHuman and
BacBovine assays)
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Fig. 3 Host-specific Bacteroidales markers in the Grand River water
samples. Marker quantity was expressed in number (a) or as a
percentage of the general Bacteroidales marker (b). Samples were
collected at where the Waterloo municipal wastewater treatment plant
effluent was discharged into the river (fecal inflow, FI), at 15 m
upstream of the effluent discharge point (upstream, US), and at 60 m
downstream of the effluent discharge point (downstream, DS).
Samples were collected on two different days, and each sample was
analyzed in triplicate. Bars and error bars represent mean + SD (n=6)

inflow point (FI) (Fig. 4a). As observed in the Grand River,
the general marker number decreased but remained rela-
tively high (ca. 80,000+4,000 copy/100 ml) through 150 m
downstream location (DS). The bovine-specific markers
showed a similar increase from an undetectable level at US
to about 52,000+3,000 copy/100 ml at FI, and then
decreased to 23,000+3,000 copy/100 ml at DS. When
expressed as a percentage of the general Bacteroidales
marker, bovine-specific Bacteroidales markers increased
from 0% at US to 37% at FI, and remained at a relatively
high level (30%) through DS. The human-specific Bacter-
oidales numbers remained below 1% level throughout all
three sampling points (Fig. 4b).

Bacteroidales and fecal indicator bacteria

The conventional fecal pollution indicators, E. coli and
fecal streptococci, were enumerated from the same stream
water samples used in the Bacteroidales assays. The total
Bacteroidales cell numbers were estimated by dividing the
number of the general Bacteroidales marker (or the 16S
rRNA gene copy) by 5.5, which is the median number of
16S rRNA gene copies per cell for many Bacteroides spp.
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Fig. 4 Host-specific Bacteroidales markers in the Duffins Creek
water samples. Marker quantity was expressed in numbers (a) or as a
percentage of the general Bacteroidales marker (b). Samples were
collected at where cattle wastewater from adjacent farms was
suspected to flow in (fecal inflow, F7), at about 120 m upstream of
the inflow point (upstream, US), and at about 150 m downstream of
the inflow point (downstream, DS). Bars and error bars represent
mean + SD (n=3)
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(Lee et al. 2009). When the total Bacteroidales numbers
from all sampling locations of the Grand River and Duffins
Creek were pooled and plotted against the number of fecal
indicator bacteria (FIB), the Bacteroidales numbers
exhibited poor to low correlations with the number of E.
coli (*=0.22) and fecal streptococci (+*=0.40), respective-

ly (Fig. 5).

Discussion

Three TagMan real-time PCR assays (BacGeneral,
BacHuman, and BacBovine) were developed and evalu-
ated for their ability to quantitatively detect the general
(total), human-specific, and bovine-specific Bacteroidales
16S rRNA genetic markers. The present human- and
bovine-specific assay showed generally a high sensitivity
and specificity (see below for details) probably as the
result of an extensive sequence search and alignment
using the latest gene sequence databases.

Geographic stability

To function as an effective MST tool, Bacteroidales genetic
marker sequences should be conserved throughout various
geographic locations (i.e., geographic stability) (U.S.
Environmental Protection Agency 2005). In the present
study, the three assays were designed entirely based on the
16S rRNA gene sequences reported previously (Bernhard
and Field 2000b; Jeter et al. 2009; Lamendella et al. 2009;
Layton et al. 2006). These 16S rRNA gene sequences
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O  Fecal streptococci r?= 0.40

0 1 2 3 4 5 6
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[log (cell no./100 ml water)]
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Fig. 5 Correlation of the total Bacteroidales population with two
fecal indicator bacteria, E. coli and fecal streptococci. The total
Bacteroidales numbers from all field sampling locations of the Grand
River and Duffins Creek were pooled and plotted against the number
of fecal indicators. The Bacteroidales numbers exhibited poor to low
correlation with the number of E. coli (+*=0.22) and fecal streptococci
(7=0.40), respectively. n=16
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provided a sound detection target for Bacteroidales pop-
ulations found in Ontario, Canada, despite the fact that they
were obtained from human and cattle fecal Bacteroidales
collected elsewhere in North America (Oregon, Tennessee,
Texas, and Pennsylvania, USA). Therefore, these marker
sequences appeared to be well conserved across North
America. Similarly, pig-specific Bacteroidales markers are
conserved in many geographically distant locations, includ-
ing France, Japan, and the USA (Dick et al. 2005; Mieszkin
et al. 2009; Okabe and Shimazu 2007).

Host specificity

Source-tracking tools need to possess a high degree of host
specificity to accurately identify the pollution sources (U.S.
Environmental Protection Agency 2005). The present
BacHuman and BacBovine assays did not cross-react with
each other’s target, whereas non-specific reactions with
other animal feces were observed in several cases. Human-
specific Bacteroidales assays are well known for their
cross-reactivity with pigs and domestic animals, especially
dogs (Kildare et al. 2007; Layton et al. 2006; Seurinck et al.
2005). The 16S RNA gene sequences of human- and cattle-
originated Bacteroidales are closely related to those of pigs
and other ruminants, respectively, probably because of
similar diet and digestive systems (Bernhard and Field
2000a; Dick et al. 2005; Layton et al. 2006; Mieszkin et al.
2009). Cross-reaction of the human-specific assay with dog
feces was explained by a frequent horizontal transmission
of fecal bacteria between the two groups due to physical
proximity (Dick et al. 2005). Bovine-specific assays also
cross-reacted with dog fecal samples in a previous study
(Layton et al. 2006).

The application of TagMan real-time PCR to an MST
study allows for enumeration of the host-specific Bacter-
oidales markers as well as determination of their presence.
However, the level of the false-positive reactions (non-
specific assays) has been rarely analyzed against that of the
true-positive ones (host-specific assays) in previous studies.
In the present study, the level of the false-positive reactions
was about 50 times smaller than that of the true-positive
ones, and therefore, these false-positive reactions were
unlikely to cause misidentifications of the human- and
bovine-specific gene sequences. It has been known that the
total Bacteroidales population in a host is composed of
multiple subpopulations (Kildare et al. 2007; Layton et al.
2006). Although the majority of the subpopulations are
expected to contain genetic characteristics unique to the
host, marginal subpopulations may share their genetic
markers with other hosts, thus enabling the low level
cross-reactions. The cattle-specific assay exhibited the
highest false-positive reaction level (about 7% of the true-
positive reaction level) with deer, another ruminant.
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Field MST capacity

The present Bacteroidales assays were tested for source-
identifying capability using water samples from two local
freshwater streams that were polluted by human and cattle
feces, respectively. For each stream, we have purposely
selected a section of the stream receiving fecal pollutants
from a single dominant source. During the field study, the
MST capability of the assays was verified from three
different aspects. Firstly, the assays were capable of
accurately ascertaining the inflow of fecal pollutants into
relatively clean water. For instance, the relative fraction of
the human-specific marker increased considerably from 4%
at US to 43% at FI in the Grand River. Similarly, the
fraction of bovine-specific Bacteroidales markers increased
from 0% to 37% within the corresponding section of the
Duffins Creek. Secondly, the relative quantity of Bacter-
oidales markers remained generally stable towards the
downstream area. For example, the absolute number of
the human-specific and bovine-specific markers decreased
substantially between FI and DS in the Grand River and the
Duffins Creek, respectively (see “Results” for detail). At
the same sampling locations, however, the relative quantity
of the human-specific and bovine-specific markers de-
creased in smaller scales from 43% to 40% and from 37%
to 30%, respectively, of the general Bacteroidales marker.
The characteristics may play an important role in a field
MST study because we may still be able to determine the
fecal pollution source in a water body where Bacteroidales
markers exist in relatively small numbers due to dilution
and loss during transport along the water stream (e.g., the
present downstream areas). Lastly, these assays were
capable of specifically differentiating the target Bacteroi-
dales marker from the background signals, which might
help to accurately determine the fecal pollutant contribution
by sources. The background markers (i.e., the bovine-
specific markers in the Grand River and the human-specific
marker in the Duffins Creek) remained at very low levels
(0% to 1% of the general Bacteroidales marker) throughout
the three sampling points due to the absence, or marginal
presence, of corresponding pollution sources. In contrast,
the target markers (i.e., the human-specific marker in the
Grand River and the bovine-specific markers in the Duffins
Creek) underwent drastic changes in number because of
fecal pollutant inputs.

In the present study, the mean proportions of human- and
bovine-specific Bacteroidales markers in feces (44% and
45%, respectively) may be considered as the “baseline
ratio” that represents the maximum relative quantity of the
host-specific Bacteroidales marker in environmental sam-
ples (Kildare et al. 2007). In the Grand River samples, the
proportions of human-specific marker (i.e., 40% to 43% of
the general marker) were similar to the baseline ratio, and

this suggests that water pollution at FI and DS sites were
mostly accounted for by human feces. Similarly, the
Duffins Creek water samples were found to be polluted
mainly by cattle feces because the cattle-specific markers
(30% to 37% of the general marker) also reached close to
the maximum level.

Strategies for MST capability testing

Many previous studies fell short of successfully demon-
strating the field MST capability of Bacteroidales-based
assays probably because of the following two reasons.
Firstly, they attempted to determine fecal pollution sources
based only on the presence of the host-specific markers
rather than fully taking advantage of the quantitative
outcome (Lamendella et al. 2009; Walters et al. 2007).
Host specificity of a Bacteroidales assay can be deter-
mined quantitatively by reporting the relative quantity of
the host-specific markers. These data can provide refer-
ence information for estimating the relative fecal pollutant
contribution by individual sources, or for the quantitative
identification of fecal sources. The present assays were
validated for their quantitative host specificity and utilized
to identify fecal sources in the field. Secondly, despite the
application of quantitative PCR tools, many previous
assays were not capable of unequivocally attributing fecal
pollution to specific hosts in the field tests (Kildare et al.
2007; Mieszkin et al. 2009; Okabe and Shimazu 2007,
Savichtcheva et al. 2007). This might have resulted from
the fact that the assays were not evaluated under clearly
defined conditions in field tests, which included applying
the assays on water bodies with multiple fecal pollutant
sources. Although this condition may be environmentally
relevant, it can also make it difficult to interpret the
source-tracking results, especially if the method is still at
the development stage. To minimize the confounding
effect of mixed-source fecal pollution, the present assays
were tested on a section of a freshwater stream where the
water quality was affected by a single, dominant fecal
source (i.e., wastewater effluent in the Grand River, and
cattle farm wastewater inflow in the Duffins Creek). In
addition, the MST capability of the assays was demon-
strated under environmentally relevant conditions through
a series of tests at the downstream areas where the target
genetic markers were expected to be present in diluted
forms over a relatively wide area.

We should note that there is a potential limitation in the
current quantitative approach. For many environmental
samples, only a fraction of Bacteroidales strains can be
attributed to a specific host(s) and a larger proportion of
Bacteroidales strains remain as originating from “unknown
hosts.” This knowledge gap may limit our ability to clearly
identify a major fecal pollution source. Additional assays
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are being developed to increase the number of strains that
can be positively identified.

Bacteroidales as fecal indicator bacteria

The present study found only poor to low correlations
between the number of FIB and the host-specific Bacter-
oidales markers. Similarly, previous studies also reported
no correlation (#*=0.11 to 0.15) between the number of FIB
and Bacteroidales markers when tested with river waters
(Mieszkin et al. 2009; Okabe and Shimazu 2007). Fecal
indicator bacteria have been known to behave differently
from Bacteroidales 16S rRNA markers in environmental
waters. For example, fecal enterococcal levels vary with
host (human or cattle) whereas host-specific Bacteroidales
levels were similar in both hosts (Walters and Field 2009).
In addition, the environmental persistence of fecal indicator
bacteria and Bacteroidales markers are affected differently
by factors such as light, salinity, and temperature (Okabe
and Shimazu 2007; Walters and Field 2009). The discrep-
ancy could have also resulted in part from the application of
two different detection techniques (i.e., plate counting for
E. coli and TagMan PCR for Bacteroidales). Bacteroidales
16S rRNA genetic markers are known to be more accurate
than conventional FIB in terms of detecting recent fecal
pollution and indicating the presence of waterborne
pathogens, including E. coli O157:H7, Salmonella spp.,
and Campylobacter spp. (Fremaux et al. 2009; Savichtch-
eva et al. 2007; Walters et al. 2007).
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